ABSTRACT. Estimation of glomerular filtration rate (GFR) in renal transplant patients is often assessed by application of creatinine-based equations. The aim was to correlate the estimated GFR (eGFR) using creatinine-based equations [Cockroft-Gault, Modification of Diet in Renal Disease (MDRD), Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI), Nankivell] with gold standard 51 Cr-EDTA in kidney transplant patients in the Asian population. This is a single-center, cross-sectional study involving adult renal transplant patients. Background demographic data, medications, office blood pressure, and baseline investigations were taken. Correlations between measured GFR and eGFR were analyzed and Pearson's correlation coefficients, bias, and accuracy were assessed. Thirty-seven renal transplant patients with a mean age of 46 ± 13 years were recruited. Majority were Chinese (68%), Malay (24%), and Indian (8%). The median duration of the transplant was 84 (interquartile range 60,132) months. The mean measured GFR was 71 ± 21 mL/min/1.73 m 2 . Cockroft-Gault and CKD-EPI has the best correlation with 51 Cr-EDTA with Pearson correlation coefficients of 0.733 (P <0.001) and 0.711 (P <0.001), respectively. All formulae showed >80% accuracy with eGFR lies between 30% of the measured value. CKD-EPI and MDRD had the greatest accuracy with 89.2% each. Clinician may use any of these three serum creatinine-based equations to estimate GFR in kidney transplant recipients.
based equations in both chronic kidney disease (CKD) and kidney transplant patients are Cockcroft-Gault (CG), Modification of Diet in Renal Disease (MDRD), and Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula. Unfortunately, serum creatinine itself is unreliable index of graft function [4] [5] [6] as it is depended on various patients' factors such as age, sex, nutrition status, race, muscle bulk, and immobility 1 and affected by certain medications. [7] [8] [9] Furthermore, GFR can decline to approximately half the normal value before the serum creatinine rises above the reference range. 10 One major flaw of using any of these equations in kidney transplant patients is because they were derived from different type of populations. CG was derived from normal kidney function population taking into consideration the patient's serum creatinine, age, and weight. 11, 12 Hence, CG tends to overestimate GFR in obese or edematous patients. Whereas the MDRD was derived from CKD population 13 and adjusted to the body surface area. CKD-EPI formula was derived from the MDRD introduces a "correction" for patients with lower creatinine values.
14 It is as accurate as MDRD in estimating GFR in patients with GFR <60 mL/min/1.73 m 2 and better than MDRD at estimating higher GFR. Later, additional variables such as diabetes, hypertension, and unspecified transplantation were added to the equation. On the other hand, the Nankivell equation was derived from an AustralianCaucasian kidney transplant recipients who treated with calcineurin inhibitors. 15 There were marked heterogeneity between studies in terms of equation bias and accuracy of each formula. 16 The mean bias for the CG and MDRD 4 variables were reported to be −4-16 mL/min/1.73 m 2 and −11.4-9.2 mL/ min/1.73 m 2 , respectively. The MDRD equation was consistently found to underestimate the GFR in both transplant and nontransplant patients with relatively preserved kidney function. 17, 18 Whereas CG formula was reported to be better at estimating GFR in patient with normal serum creatinine. 19 Nankivell formula was also reported to overestimates GFR significantly compared to measured GFR. 20, 21 with a mean bias from −1.4-36 mL/min/1.73 m 2 . 16 In terms of accuracy, studies showed that CG, MDRD, and Nankivell equation fared only 73%, 76%, and 68%, respectively. 16 It is also worth noted that all three equations demonstrates a progressive decrease in GFR overestimation and/or increase in GFR underestimation as the graft function improved. 18, 22 These equations are also insensitive to the detection of mild-to-moderate reductions in GFR, 1 and the available equations also have poor sensitivity at detecting changes in GFR over time in renal transplant patients. 1 A study measuring GFR in 40 kidney transplant patients at six, nine, and 21 months post transplant and compared it with various creatininebased equations, concluded that none of the 12 equations tested can be a valid alternative to the direct measurement of the GFR and prediction equations may not be sufficient to properly estimating the GFR. 21 It is clear that a specific formula with better accuracy to assess graft function need to be developed to monitor renal transplant patients. Until then, clinician will continue to adopt any of the available serum creatinine-based equations in estimating GFR in the transplant recipient in their clinical practice. Hence, we embarked on this study to assess the performance of eGFR equations in Asian population and compared with the gold standard measured GFR (mGFR) using 51 Cr-EDTA.
Methodology
Study design This is a cross-sectional, single-center study involving adult renal transplant patients in the University Kebangsaan Malaysia Medical 
Study population
We screened all patients in our renal transplant clinic registry and those who fulfilled the inclusion criteria and consented to the study were recruited. The inclusion criteria were adult age >18 years old, who have had renal transplant >1 year and have stable serum creatinine of at least two readings with minimum of three months aparts. We excluded those with actual or suspected acute graft rejection within one month, any hospitalization or major surgery within one month, patients on dialysis, pregnant women, lactating mothers, and patients with hematological or solid organ malignancy.
Data collection and sample handling
A full medical history and physical examination, office blood pressure, and socioeconomic data of the participants were obtained during recruitment. Analysis of the serum creatinine was performed by kinetic Jaffe reaction using Abbot ® ARCHITECT C-8000 System in our hospital laboratory and the assay was traceable to isotope dilution-mass spectrometry (IDMS). Estimation of GFR using serum creatinine-based formula was calculated using CG, MDRD, CKD-EPI, and Nankivell equations. 51 Cr-EDTA at the dose of 1.0 µCi/kg body weight in 10 mL volume of 5% dextrose was injected intravenously. Approximately 6 mL of blood was drawn at 2, 2.5, 3, and 4 h post 51 Cr-EDTA injection and it is clearance from the body was calculated using a preset calculation program. From the calculation of area under the plasma clearance curve of 51 Cr-EDTA, a measured GFR of patient's kidney graft was obtained. As 51 Cr-EDTA is exclusively excreted by the glomerular, the GFR value calculated is considered a gold standard "measured" GFR for the patient and was shown to be reliable when compared with inulin clearance. 23 The protocol used for 51 Cr-EDTA was based on the Department of RadioNuclear Imaging and Nuclear Medicine UKMMC standard of procedure.
Statistical Analysis
All data were stored and analyzed using Statistical Package for Social Sciences (SPSS) version 22.0 (IBM Corp., Armonk, NY, USA). A descriptive analysis and normality testing of the variables recorded were performed. Normally distributed parameters were expressed as mean ± standard deviation and analyzed with parametric tests, whereas the nonnormally distributed parameters were expressed as median [interquartile range (IQR)] and analyzed with nonparametric test for quantitative variables. Values of P <0.05 were considered statistically significant. The performances of serum-based equations were also assessed by the following criteria: 1. Correlations between mGFR using 51 Cr-EDTA and eGFR using serum creatinine based equations were studied computing simple linear regression analysis. Pearson's correlation coefficients were presented 2. Bias = mean difference between estimated and measured GFR 3. Precision = standard deviation of bias 4. Agreement was assessed using the Bland and Altman method. For each GFR estimate, a graph was constructed by plotting the difference between the estimated and measured GFR against their mean (bias). Ninety-five percent of differences lie between the two limits defining the interval of the agreement: the lower limits which is the mean difference minus 2 standard deviations, and the upper limit, which is the mean difference plus 2 standard deviations 5. Accuracy = percentage of GFR estimates that lie within 30% of their respective measured GFR value.
Results
A total of 37 patients with different ethnic background were recruited into the study. These include 25 Chinese, nine Malay, and three Indian patients. The mean age of the study population at the time of recruitment was 46 ± 13 years. From the data, almost half of our patients had living related renal transplant (LRRT) and the other half undergone non-LRRT. Their comorbidities included diabetes mellitus, hypertension, dyslipidemia, and ischemic heart disease. Of all 11 patients with diabetes mellitus, five of them had diabetes after kidney transplantation. Other demographic data are summarized in Table 1 the mean estimated GFR (eGFR) by four different formula are summarized in Table 2 .
Correlation between creatinine-based formula
The relationship between estimated and measured GFR are shown in Table 3 and displayed in Figure 1 . Each GFR tests from serum creatinine-based equation displayed a highly significant correlation (P <0.001) with 51 Cr-EDTA. The Pearson's correlation coefficient (r) varied from 0.733 in Cockroft-Gault, 0.711 in CKD-EPI, 0.684 in MDRD, and 0.581 in Nankivell equations.
Bias, precision, agreement, and accuracy
The standard deviation of bias between CG, The mean bias, standard deviation of bias (precision) and limit of agreement of different formulae were summarized in Table 4 . The Bland-Altman graph plotted the difference between predicted and measured GFR against their mean (Figure 2 ). It display of large scattering data between 2 × standard deviations enlightening the poor agreement of each formula with 51 Cr-EDTA. All four serum creatinine-based formulae showed >80% accuracy with eGFR lies between 30% of the measured value. CKD-EPI and MDRD had the greatest accuracy with 89.2% eGFR were within 30% of measured GFR (Table 5) .
Discussion
In this study, we evaluated the performance of four different creatinine-based equations (Cockroft-Gault, MDRD, CKD-EPI, and Nankivell) against the gold standard 51 Cr-EDTA. The recommended creatinine measurement methods should be traceable to the reference methods based on IDMS. Miller reported the mean bias varied from −0.06 to 0.31 mg/dL in 50 instrument methods among 5624 laboratories participating in the 2003 College of American pathologist survey. 24 The study was based on serum creatinine measured using Jaffe method calibrated with IDMS reference values. We found all four estimating GFR formulae were correlated strongly with the mGFR and in keeping with other literatures. Rodrigo et al had shown significant correlation between eGFR by CG, MDRD and Nankivell with their respective mGFR values. 25 However, the correlation r varies between equations across all difference studies, ranging between 0.64 and 0.89 for CG, 0.63 to 0.91 for MDRD, and 0.62 to 0.88 for Nankivell equation. 15, [20] [21] [22] [26] [27] [28] Cockroft-Gault was the first equation developed to assess creatinine clearance in CKD population and subsequently used widely to estimate GFR. Nankivell in 1995 first assessed the performance of CG formula using 99mDTPA when he was assessing his newly developed eGFR formula in renal transplantation cohort. In this study, the mean mGFR reported was 52.4 mL/min/1.73 m 2 and the correlation r was 0.71 in CG equation. 15 Subsequently, Mourad et al 29 showed CG had a slightly lower correlation with r of 0.64 compared to 51 Cr-EDTA as a reference method. His renal transplant population had lower mean GFR of 48 ± 16 mL/min/1.73 m 2 . A better performance of CG were seen in two studies by Pöge et al 27 and by Poggio et al 28 where they reported a better correlation with r of 0.791 and 0.89, respectively. Our data reported a correlation r of 0.777 (P <0.001). Even though the result was slightly differed, our value was comparable with the previous studies. As a matter of fact, CG showed the best correlation in our study. We concluded this was due to the fact that our cohort had better GFR with mean of 71 mL/min/1.73 m 2 . These findings were similar to a study by Estrada-Zambrano et al 30 where he found that in 33 transplant recipients with estimate GFR >60 mL/min/ 1.73 m 2 , CG had a better correlation than MDRD (4 variable) with r of 0.660 and 0.605, respectively. Even though our study showed CG had a better correlation, it did not imply that CG had a better overall performance. The mean bias for CG from our study was 0.55 mL/min/1.73 m 2 indicating that CG tends to overestimate GFR. The previous studies also demonstrated that CG overestimated GFR by +0.7 to +16 mL/min/1.73 m 2 . 20, 29 In contrast, two studies 27, 31 reported that CG underestimated the GFR with mean bias of −3.3-−15.2 mL/min/1.73 m 2 in a mixed transplant and nontransplant population. The performance results of MDRD equations were heterogeneous, but in overall, it showed a better performance than other creatinine based formula. The correlation r ranges from 0.63 to 0.91. The r values were also varied between MDRD 4, 6 and 7 variables with r of 0.857, 0.905, and 0.861, respectively. 27 Gaspari et al reported in 81 transplant patients using Iohexol plasma clearance as a reference method, that the correlation r of modified MDRD (4 variables) were 0.769. His cohort had a mean GFR of 56.1 ± 14.5 mL/min/1.73 m 2 . 21 All these values were slightly better than our correlation value of 0.684. The discrepancies may be due to the fact that our cohort had a better GFR with mean of 71 mL/min/1.73 m 2 . As we know MDRD was derived from CKD population with a lower GFR thus correlation among lower GFR group tends to be better. Gaspari et al also reported that MDRD overestimated the GFR by +2.7 mL/min/1.73 m 2 . Later studies 32, 33 showed that MDRD underestimated the GFR by −11.4-−0.5 mL/min/1.73 m 2 which in keeping with our results. Overall, our correlation r was statistically significant and mean bias were as comparable as previous studies. We found that the r value in our study was slightly better in CKD EPI with value of 0.711 than 0.684 in MDRD. However, when we correlate these two equations together, it yielded the best correlation with r of 0.984 (P <0.001) compared to CKD-EPI against other equations. CKD-EPI also underestimated the GFR in our study by −0.22 mL/min/1.73 m 2 . The results were comparable with White et al who reported a mean bias of −4.3 mL/min/ 1.73 m 2 . 34 However, other study 33 suggested that CKD-EPI tends to overestimate GFR by +3.9 mL/min/1.73 m 2 . Again all these studies were on population with lower GFR between 40 and 57 mL/min/1.73 m 2 and were using different reference values such as 99 mDTPA and inulin clearance. We found that the Nankivell formula had a poor correlation and bigger mean bias in our study. The reported correlation r for Nankivell varied between 0.62 and 0.88. 28, 29 The mean bias for Nankivell also varies and had bigger range between +0.3 and +36.3 mL/min/1.73 m 2 . 15, 20 Nankivell over eGFR comparable to our study. We also found that Nankivell has a larger limit of agreement. It also had the worst performance with mean bias of +5.07 mL/min/ 1.73 m 2 and its standard deviation of mean bias was large at 18.77 mL/min/1.73 m 2 and the limit of agreement between 41.9 and −31.7 mL/min/1.73 m 2 . Hence, we concluded that Nankivell formula is inferior compared to other formula. Even though our studies showed CG had best correlation, its accuracy between 30% of measured values fell short compared to CKD-EPI, 86.5% versus 89.2% respectively. Nonetheless, all our serum creatinine-based formula had accuracy above 80%. Both CKD-EPI and MDRD had the best accuracy with 89.2% values lie within 30% measured GFR. This was actually better than other study which reported accuracy between 72% and 88% in MDRD and 64% to 81% in CKD-EPI. 27, 33, 34 CG also had significant accuracy with 82.6% comparable to a study by Buron et al with accuracy between 67% and 88%. 33 Not much data available on Nankivell regarding its accuracy in estimating GFR.
Overall, the heterogeneity between all these four equations in different studies can be explained by several factors: (1) The population tested were different with regard to sample size and demographic characteristics, There are few limitations in our study. First, the sample size is small. Second, we did not use CG or MDRD or CKD-EPI equations that are validated for the Asian population. However, from the result of this study, we support the recommendation by the KDIGO guideline to use the current CKD-EPI, MDRD, and CG formulae to estimate the GFR and to monitor graft function during routine clinics follow-up.
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